The overall obstacles to lightweight sheet metals application in vehicles are briefly reviewed in this paper with particular emphasis on sheet metal forming problems. Results of a survey indicate that sheet forming is the largest barrier to further high strength steel application; however, for sheet aluminum, cost and welding difficulties are as significant obstacles as the important sheet forming problems. Reduced stretchability and sharp radii sensitivity for both classes of materials are the major limitations and these cause a wide variety of independent failure modes in sheet forming.
I. Introduction
This paper is concerned with materials for weight reduction in private transportation vehicles. There is a considerable history of achieving weight reduction in automobiles by material substitution as vehicle weight has always been an automotive design criterion. The application of heat treated higher strength steels in suspension components for weight saving (and space saving) dates to the earliest days of chassis development. Indeed, use of such steels was a key ingredient in the advances made in the original Model T. Automotive usage of aluminum dates from the 1920's, whereas plastics in vehicles for weight reduction is a more recent phenomena. The present paper discusses the intense activity in lightweight sheet metal for the last decade. The beginning of the new drive for weight reduction1)2) resulted from the weight increases due to increasing size, power requirements and by emission and safety standards. All of these factors converged with rising energy prices (fuel economy increases desired) to make U. S. interest in weight reduction particularly intense in the last five years.
This paper covers two categories of lightweight materials: high strength sheet steels (HSS) and sheet aluminum products. The chief fabrication processes involved with manufacturing vehicles from these materials are sheet stamping and spot welding. The major distinguishing characteristic of the activity since 1970 (relative to earlier HSS) has been its focus on decreasing the weight of stamped and spot welded structures. Our knowledge of these fabrication processes has had to expand to new material classes being developed and supplied for weight reduction. Table 1 summarizes for HSS some of the key technological dates. The earliest applications were in 1972 and there has been consistent progress applying these materials in new components into the current period. Some of the key developments in HSS were: (1) rolled high strength steels, (2) the improvement of formability in the materials-particularly the evolution of dual phase steels-and (3) the wider availability of high strength and coated products. The remaining challenge is yet very difficult as it will involve the optimal achievement of weight reduction by application of the high strength materials throughout the vehicle. Table 2 shows some key technological dates for the modern efforts in sheet aluminum alloys. The development of materials with some improvement in spot welding (the AU2G and 2036 alloys) marked the beginning of modern sheet aluminum application. In this evolution, we also note the general spread of the various materials into different components of the vehicle. The application of these materials thus far has been much more limited in volume than HSS and indeed, the achievement of high volume aluminum sheet application has been retarded by competition with the high strength sheet steels. The key problem involves developing sheet aluminum applications whose weight reduction is significant enough to warrant the attendant cost penalty3).
The problems concerned with these evolving sheet metal technologies are many, particularly if we consider the varieties of materials and applications that are involved. In Section II, I will first consider the overall obstacles to application of each class of material and then specifically discuss problems in the forming area in more detail. In Section III, I will review some of the progress that has been made in overcoming the forming obstacles before considering the advantages and overall progress in Section IV. It should be noted at the outset that all of the applications of the new materials have required some adaptation either in the design, manufacture or in the materials themselves. These adaptations or solutions can sometimes themselves introduce additional problems and so may offer less than satisfactory solutions.
II. Obstacles to Sheet Aluminum and HSS Applications
A. Overall Problems Much has been said and written about problems that can and have been encountered with automotive application of these materials. Different experts give different assessments of their relative importance. Thus, to obtain a broader view of U. S. experience, a questionnaire was distributed at the April, 1981 ADDRG meeting. Some findings are shown in Appendix I in the general form of the original questionnaire. The numbers in the personal information section show the distribution of people responding (82 total) and the numbers in the ranking columns (Questions 1-5) average the answers for each question. The numbers in parentheses behind each ranking show the number of respondents to each item.
The perceived restraints to application for each class of materials were addressed in question 1. For the high strength sheet steels, the chief obstacle is forming since it polled the highest average severity ranking. In addition, reproducibility, overall manufacturing knowledge, overall design knowledge, and dissemination of knowledge also are seen as important roadblocks. The obstacles for application of sheet aluminum were similarly perceived-as listed in the aluminum column in question 1. Perhaps not surprisingly, however, cost and welding of sheet aluminum emerge as even more significant obstacles than forming.
B. Forming Problems Questions 4 and 5 in the survey pursued the formability aspects further. Question 5 addressed the failure modes and forming process problems important for the sheet metals. For high strength steels, production experience indicates an important range of failure modes. In particular, edge cracking, fracture during hole expansion, stretch failures, excessive springback and wrinkling predominate as failure modes. One of the most important findings of the survey is the wide variety nf cnmewhat indenenripnt diffirilltiec that aricp with forming these higher strength, less ductile materials. For sheet aluminum, production experience indicates the prevalence of most of the problems that are found for the high strength sheet steels (with the exception of difficulty in hole expansion possibly because certain parts have not been tried). In addition, excessive galling and choice of lubricant are also cited as processing constraints in the application of sheet aluminum. Again, it can be noted that the forming problems involve a variety of independent failure modes.
The forming problems were addressed in question 4 from the point of view of material properties. Properties which caused the most difficuly in application of these materials were judged to be lack of stretchability, and sharp radii sensitivity for both classes of materials. Other ranking of material properties were similar for the two classes of materials with the anticipated difference due to the decreased rate sensitivity of sheet aluminum.
The combination of ranking emerging from these two questions and experience in the application of these materials make it clear that the reduced elongation and/or higher strength introduce a variety of significant forming problems. In the following section, therefore, I will briefly discuss some of the progress that has been made in addressing these problems.
III. Progress in Forming Lightweight Sheet Metal
In view of the complexity of metal forming and the wide variety of new materials, it is not surprising that progress has been relatively slow. Nonetheless, our ability to successfully form parts from these materials has increased significantly over the past decade. The advances have resulted from experience and development in a number of areas; thus, we will discuss four of the significant areas in this section.
A. Materials Characterization In the early stages of application of these new sheet materials, little was known about their forming characteristics, aside from tensile properties. Information about most of the materials is still incomplete; moreover, there is not general agreement on what kinds of information are most essential. However, many of the materials have now been characterized by forming limit diagrams, limiting dome height measurements, bend radii measurement and a variety of other experimental techniques. I will not attempt in this paper to review the variety of material measurements that have been made, but instead, summarize some significant recent results.
In many stretch-forming measurements (see figure 1) , there is not a great difference among the various sheet aluminum alloys being applied. On the other hand (figures 2 and 3), there are significant differences among the varieties of high strength steels being evaluated (particularly if we consider the low ductility recovery annealed steels). This is in large part due to the much greater range of strength being utilized within the class of high strength sheet steels. Thus, much care must be exercised when attempting to discuss HSS as a class of materials. figure  5 . The importance of an improved level of knowledge of material formability cannot be overemphasized. As more experimental results become available and as recognition of the independent failure modes grows, it has become possible to rationally utilize such data in practical metal forming. Indeed, such measurements have formed an important basis for developing guidelines for the forming of these materials.
B. Forming Guidelines and Improved Procedures A variety of lessons that have been learned from die trials have been reduced to initial guidelines. For both sheet aluminum8)9) and high strength sheet steels") there are now simplified guidelines on die radii, wall angles, extruded hole height, bend radii, and other forming parameters. In addition, there have been attempts to reduce simple material property measurements (as reviewed in Subsection A above) into simplified design guidelines. These guidelines are proving to be extremely useful in the orderly application of the high strength sheet metals and the efforts to systematize the body of information is moving ahead.
In addition to the evolution of new experiencebased guidelines, there has been a simultaneous development of new methods for forming and die design. Significantly, the introduction of computer-aided die design and the application of computer graphics to the process of binder development has occurred simultaneously with the evolution of the new sheet materials").
In many cases, these new techniques have made possible the introduction of the lightweight sheet metal technology in a more productive fashion. The ability to geometrically visualize the interaction of material, die and punch has been an important asset in the more rapid assimilation of experience to later production. Ongoing research and new analytical procedures for understanding the sheet forming process also have been of help in the application of the high strength sheet metals. Nonetheless, the wide variety of materials and the wide variety of failure modes that do occur (without a complete physical explanation) mean that the evolution of die design guidelines that are not overly conservative continues to be a slow process. C. New Forming Processes and Approaches Many approaches to avoid forming difficulties introduce cost penalties since they sometimes necessitate larger blanks or more generous radii which can add useless material or limit design options. Thus, new process approaches that can be adapted specifically to the inferior properties of these materials can provide more cost-effective solutions. There has been some progress along these lines in the past ten years and a few cases can be discussed further.
An example of a new forming process that has achieved some widespread success in the application of low elongation materials is the roll forming process. This process now is being applied to numerous side door beams in U. S. cars") and to some bumpers as well. Roll forming does not involve significant stretching or excessive wrinkling and so offers a natural solution for materials with low tensile elongation.
Hemming of outer sheet panels is often the most effective joining process but strain localization in aluminum has caused problems in practice. A method for gradually introducing the hem and avoiding cracking is shown in figure 69 ).
Draw-forming of larger outer panels involves a complex technology that has evolved around the properties of mild steel and is particularly sensitive to reduced material properties. Forming these panels with outstanding surface quality by avoiding wrinkles and loose metal is more difficult than is generally understood. Analysis by DUNCAN and BIRD") of the conventional process for forming these panels indicates the severe difficulties of forming acceptable panels in materials having reduced yield to tensile strength ratio. This is an area in which new processes and new approaches may be needed; "stretchforming" represents one such new process. One variation, shown in figure 7, involves turning the normal forming process upside down so that the binder pulls the sheet down over the punch. strength sheet steels and sheet aluminum materials as well as to mild steel. In the case of mild steel, the added tolerance of this process is not necessary, but in the new less ductile materials it may well be. D. Improved Materials An important element of progress throughout the application of these new sheet materials has been the evolution of new materials. Tables 1  and 2 show some of the important materials that have evolved during this period.
In high strength sheet steels, important developments have been the commercial availability of cold rolled high strength steel and coated high strength steels. However, the major breakthrough in new material properties have occurred in the cold rolled and continuously annealed products first developed in Japan15)16). The dual phase steels show the possibility for significant increases in forming at any given tensile strength (figure 8). In applications where tensile strength is the proper design property, formability can be significantly increased at a given weight reduction. It is perhaps significant that the survey results shown in Appendix I (question 2) do indicate strong expectations that these materials will be more important in the future.
A second aspect of continuously annealed materials that may well be as important in overcoming forming problems is the increased reproducibility expected with these materials. Appendix I, question 1, indicates the emphasis-particularly for high strength sheet steel-placed on material reproducibility. Manufacturing personnel particularly have been concerned with this problem.
Major developments in aluminum have involved alloys which are capable of bright anodizing, and alloys with improved spot welding and recyclability. Improved formability of sheet alloys would be enhanced by increased resistance to edge cracking and/or capability of stretch forming. Any significant development along these lines would have an important influence on the future application of either class of materials.
IV. Advantages of Lightweight Materials Applications
Obviously other factors in addition to formability difficulties can limit the application of the lightweight sheet metals. For each class of materials, significant reviews of these factors have been published9)16)17). Thus, the discussion will be limited to the applications and citation of some very recent work in special areas.
For each class of material, the key design problem has been to determine the degree of weight reduction possible with the various materials in all the different applications possible in vehicles. Complete answers to this question clearly is not in sight but improved knowledge has been constantly emerging. Figure 9 shows the expected weight reductions for high strength sheet steels in energy absorption applications. Similar information exists for durability of HSS and for sheet aluminum in energy absorption and durability19) applications. The application of results such as those shown in figure 9 to actual vehicle structures is not simple, however. One of the key areas that remains under investigation is to understand the effect of spot welds on the behavior of these materials when used in vehicle structures. Recent work on the energy absorption of spot welded high strength steel tubes indicates some reduction in the degree of weight savings possible in spot welded structures as compared to unwelded structures20).
Such results have not been reported for the case of sheet aluminum but earlier results21) would suggest that the possible weight reduction may be even more diminished than for HSS.
For the durability of spot welded structures, past results indicated (in certain loading modes) a similarity in fatigue endurance of high strength and mild steel spot welds. Recent work in this area by KRAUSE22) has led to the results shown in figure 10 . These results indicate that for a given amount of downgaging the same area of spot weld is needed independent of the type of steel sheet.
Other important areas not covered in the survey given in Appendix I involve the quality control and non-destructive evaluation of products made from these new materials. There has been some progress attendant with the new forming tests to control the properties of incoming material. However, it is clear that the entire evolution of materials specifications and quality control of these materials is still in the early stages.
V. Concluding Remarks
The weight reduction possible with these new sheet materials in the overall vehicle are significant. In the case of high strength sheet steels, extensive application of high strength materials throughout the vehicle might lead to vehicle weight reductions approaching 10%. This could lead to significant fuel consumption reductions3) and if the fabrication cost penalty can be kept minimal, significant amounts of fuel can be saved at relatively low total cost. Thus, continued progress and evolution towards better understanding and capability of handling these high strength sheet materials in the manufacturing environment is of great value. For both HSS and aluminum, it is also imperative that we continue to find applications in which the optimal weight reductions are achievable. This is particularly important in the case of aluminum because otherwise, the weight savings may not be worth the cost penalty in terms of the fuel that they save3). It is also clear that the major roadblocks to future HSS application involve sheet metal forming where new approaches may offer some of the largest future gains. Low alloy precipitation hardened steels These sheet steels can be considered the first generation of high strength steels and consequently they are the best known and investigated steels by both European auto industries and steel makers.
These steels are easily available in Europe as cold and hot rolled sheets with different strength levels ranging from 280 MPa up to 500 MPa yield point. Today they are extensively used in the automobile mainly as hot rolled sheets for highly stressed structural parts; thicknesses commonly used are in the range of 2-4 mm; typical parts made from them are : wheel discs, suspension arms, bumpers, door reinforcement bars, engine supports.
Precipitation hardened cold rolled sheets are used by the auto industry to a limited extent for those parts having complex shapes, the formability of which is critical for hot rolled material.
A general policy of European automakers is to achieve weight reduction goals by using high strength steels at least at no additional cost. As consequence, while they are developing new models, the use of such steels tends to increase and their average weight in a typical medium size european car of about 800 kg will probably reach in the future approximately 50-70 kg. The main problems to solve for allowing their extensive use in the vehicle are reported below :
Formability: the forming limit diagram of precipitation hardened high strength steels is 30% lower than a low alloy mild steels as shown in fig. 1 .
Besides their
value is less than 1 causing higher proneness to diffused necking during stamping. In order to render such an effect, the two following examples are reported. Fig. 2 and 3 show (Fig. 2) . . Maximum strains measured on the wheel disc designed for high strength steel (Fig. 4) .
of
a wheel disc with its maximum strains which are placed below the limit curve.
In correspondence of these strains a remarkable thickness reduction is noticed, which has a detrimental effect on the fatigue resistance of the part. Fig. 4 reports an example of a wheel disc purposely designed for high strength steels, while fig. 5 exhibits the relative strain analysis. The latter shows how the part has been drawn rather stretched with a more uniform thickness reduction. This resulted in a fatigue resistance equal to that of a 25% thicker than traditional deep drawing mild steel. The last example of negative experience from using high strength steels is reported in fig. 6 . In this case the part cannot be stamped due to the limited formability of material. As a matter of fact, during the forming of the part fracture occurred on the hole-30 mm diameter and 10 mm depth-which could not be avoided also through different strain paths. The application of cold rolled high strength steels for body panels is limited by their poor formability.
There are only few examples of such applications on european vehicles and we don't foresee any extension thereof.
Weldability: from the numerous studies on high strength steel weldability it appears that their weldability lobe is substantially the same as that of traditional mild steels. However precipitation hardened steels properties get deteriorated in the welded zones dropping approximately to the level of low alloy mild steels. The performance of welded high strength steels is a problem for materials engineers every time they try to replace ordinary steels with high strength steels.
The example in fig. 7 shows a rafter connection support which is composed of two pieces welded together, from a material having 360 MPa yield strength and thickness reduced by 20% where fracture originates from the welded zone.
Stiffness: it is another parameter to be considered by materials engineers during the substitution process of low alloy mild steels. Being the modulus of elasticity the same for different classes of steels, stiffness is depending on the geometry of the part and on the material thickness. Fig.  8 reports a typical example of a part where service inflection stress has not allowed to use a high strength steel reduced thickness.
Low alloy solid solution hardened steels Such a class includes rephosphorized high strength steels that have just recently been developed by the european steel industries and for which the experience of materials engineers in the auot industry is still limited. They are available in the cold and hot rolled version, but the major interest in Europe is for cold rolled sheets since the requirements of auto industry for high strength hot rolled sheets are fulfilled by precipitation hardened steels.
So far they are used at a very low extent to press body panel components but at the same time a large effort is carried out by European auto industries for studying their properties and extending as much as possible their use in the automobile. It is now possible to forecast for the next years a quantity of 60-80 kg/car with Formability : comparing the forming limit diagram of rephosphorized high strength and low alloy mild steels, as shown in fig. 9 it is possible to observe that they are very close to each other which means for rephosphorized steels a better formability than for precipitation hardened. However formability problems emerge as consequence of the higher yield point of rephosphorized steels than of conventional mild steels.
A typical example of such a problem is shown in fig. 10 , in which we observe the roof panel that, after stamping, is characterized by large For what concerns dent resistance, rephosphorized steels, due to their higher yield point, offer a better performance than conventional mild steels, thus allowing thickness reduction at the same service conditions. Weldability : phosphorus is a dangerous element in the welding process since it causes brittleness of spot welds. However weldability is a problem of secondary importance in many applications of rephosphorized steels. As a matter of fact, body panels like hoods, doors, deck-lids are assembled to the internal structure by adhesivation.
In the particular case of roof panel for which weldings are highly stressed zones, a sistematic investigation is in progress in order to solve all emerging welding problems.
Dual Phase
The major problem of dual phase to-day in
Europe is the limited availability of this product on the market since the steel makers don't have as yet the continuous annealing facilities which are required to process such a product. Just recently only few european steel industries have decided to invest in continuous annealing and probably in the near future "dual phase" steel sheets will be available on the market at a reasonable price. It is important, however, to point out that the auto manufacturer's interest on dual phase is strongly dependant on its cost and it will be confirmed only if these materials will allow weight reduction at zero cost. Today, dual phase steel available on the market is as cold and hot rolled sheets, but only the latter is more promising in the near future. Hence to follow the main characteristics of these products are described. Formability of coated steels : testing carried out to assess formability of coated steels without galling have brought into evidence that electro and hotdip galvanized materials are capable to deform with coat detachment occurring close to the forming limit curve unlike paint coated sheets where coat failure happens at far lower sheet strains ( fig. 12) .
The better performance of hot-dip and electrogalvanized sheets has been confirmed through scribing, conical mandrel and 180° bending, as well as through galling tests.
Corrosion resistance
This property has been evaluated with exposure to salt spray of undeformed, deformed through 6,5 mm. Erichsen cup test and cross scribed samples.
The results of these tests are reported in table 1, where paint coated sheets exhibit a better corrosion behaviour than galvanized as long as the coating has not been deformed. On the contrary, deformed areas of the formed product show a worse corrosion performance than the latter. Weldability
Welding parameters, such as electrode force, current intensity, and welding time, must be increased as compared to the ones pertaining to bare sheet steel welding, in the case in which the electrodes contact the coated surface (table 2) . Electrodes used for paint coated and galvanized sheets must be from a Cu, Cr, Zr alloy. In any case their consumption is 50% higher than for traditional uncoated material.
Fumes from paint coated sheet welding are more polluting than from galvanized material because of organic substances and chromium contained in the paint. Paintability Paintability test results from the standpoint of adherence and corrosion resistance, can be summarized as follow : paint adherence is quite satisfactory on paint coated and electrogalvanized sheets, while slight peeling occurs with hot-dip galvanized.
For what concerns corrosion resistance a better performance is to be expected by undeformed To be used with cathaphoretic painting process.
IV Application Examples
To this purpose the below described parts are
presented. Lower wind screen cross member : exposed part with no galling problems, for which paint coated material has shown the best performance both from adherence and corrosion resistance standpoints ( fig.  13 ). Floor Gross Member : in this part galling occurs during stamping ( fig. 14) . The best material for this component is hot-dip galvanized which can easily be applied if painting is carried on through cathaphoretic system, but also using anaphoretic system it is preferable to use as exeption the same material due to severe galling problems.
V Conclusions
On the basis of the above reported considerations the following conclusions can be drawn :
The use of high strength steels is at present practically limited to low alloy precipitation hardened steels; a large effort, however, is being involved to develop the application of cold reduced rephorphorized sheets.
For what concerns dual phase steels, their use in European car industry depends on the investiments in the European steel industry on special treatment facilities; in any case, their application is dependent on the possibility of weight reduction at zero cost.
Corrosion protection is taken care of through : 
